Abstract Thermocline bulk shear is investigated in the northern North Sea using historical observations. The conventional bulk shear is modified to define a thermocline bulk shear (TBS), in order to better represent the shear across the thermocline. The TBS computed by observed currents is decomposed into components at different frequency bands. The near-inertial TBS is the largest component. Its dominance is significant during the period of high wind. It is formed by the wind-driven near-inertial current which has a distinct phase shift (∼180°) across the thermocline. A linear model is presented, which well simulates the observed near-inertial TBS, especially during the period of relatively strong wind. The semidiurnal TBS makes a secondary contribution to the total TBS. It is only slightly smaller than the near-inertial TBS when the wind is relatively weak. The large values of semidiurnal TBS are associated with semidiurnal currents which have a phase shift (∼30-40°) or a magnitude difference (∼5 cm/s) across the thermocline. The low-frequency (<0.7 cpd) TBS also makes an episodic contribution to the total. Its variation coincides with the Ekman transport during the period of relatively strong wind. The low-frequency TBS is mainly formed by an Ekman-like clockwise spiraling of velocity with depth or a distinct magnitude difference in velocities between upper and lower layers.
Introduction
In shelf seas, strong current shear is frequently observed across the thermocline. The instability of this shear can induce diapycnal mixing (Large et al. 1994; Rippeth et al. 2005) , which is crucial for vertical substance exchange across the thermocline. When the thermocline is thin (∼10 m), a bulk shear can be defined as the shear between mean flows of upper and lower layers separated by the thermocline (Burchard and Rippeth 2009 ). This bulk shear is found to be significantly correlated with high levels of dissipation (Burchard and Rippeth 2009; Rippeth et al. 2009 ). Measurement of dissipation has been a widely used way to examine the rate of mixing. The traditional way to measure dissipation uses microstructure free-fall probes, which are labor intensive and typically result in relatively short time series. Using bulk shear as a proxy for mixing, however, is anticipated to be valuable since longer time series are readily available. Burchard and Rippeth (2009) demonstrated that the bulk shear in the northern North Sea rotates anti-cyclonically at near-inertial frequencies. By constructing a simple model, they showed that the bulk shear is affected by the surface wind stress, the bottom stress, and the thermocline interfacial stress. The wind stress plays a dominant role, which can generate a Bshear spiking^when the wind direction is in alignment with the bulk shear. In the same region, Knight et al. (2002) also reported large current shears across the thermocline that are Responsible Editor: Aida Alvera-Azcárate associated with near-inertial currents and contribute to mixing. A phase shift of 180°between mixed-layer and lower-layer near-inertial currents is often observed in other shelf seas (e.g., Millot and Crépon 1981; Mirko 1987; Chen et al. 1996; MacKinnon and Gregg 2005) . This is in part due to no-flux boundary condition at the coast, which sets up a barotropic pressure gradient that opposites the flow in the lower layer (e.g., Craig 1989; Shearman 2005) . Brannigan et al. (2013) constructed a similar model as Burchard and Rippeth (2009) and showed that the bulk shear is effectively predicted when the near-inertial current is relatively strong. These observations and model results indicate a high correlation between the bulk shear and near-inertial currents, which, however, have not yet been quantitatively analyzed. Rippeth et al. (2009) also indicated that the bulk shear behaves as an anti-cyclonical rotating vector but with a frequency that is sometimes close to the inertial frequency and sometimes close to the tidal frequency. In the Arctic's Laptev Sea, Lenn et al. (2011) reported that the alignment of the under-ice stress with the bulk shear can generate a similar shear spike, which gives a plausible mechanism for the episodic high shear. The bulk shear is close to the semidiurnal frequency; however, at these latitudes (∼80°N), it is hard to separate near-inertial motions from semidiurnal tidal currents by filtering. The semidiurnal tidal currents probably make a significant contribution to the bulk shear in the Laptev Sea since Janout and Lenn (2014) reported that semidiurnal tidal currents provide a major source of energy that drives diapycnal mixing in this area. These studies suggest that the tidal component of the total bulk shear may be important.
The thermocline mixing is found to be highly correlated to the occurrence of internal tides (e.g., Holloway et al. 2001; Rippeth and Inall 2002) and near-inertial waves (e.g., Price 1981; van Haren et al. 1999) . Several turbulence schemes (Gregg 1989; Kunze et al. 1990; MacKinnon and Gregg 2003) were established to parametrize the thermocline mixing. By comparison of these schemes, Palmer et al. (2013) found that the success of these schemes relies on local tuning of parameters, which are based on differing forcing mechanisms. Therefore, a detailed knowledge of physical processes in the thermocline will be important for the parameterization of mixing there. Considering the strong relationship between the bulk shear and mixing, a study on the mechanism for the bulk shear will be helpful to understand these processes.
In this paper, the conventional bulk shear is modified to define a thermocline bulk shear (TBS) which aims to better represent the shear across the thermocline. The TBS computed by historical observations is decomposed into components at different frequency bands to examine their relative contributions. The TBSs at semidiurnal frequency, inertial frequency, and low-frequency (<0.7 cpd) bands are further analyzed to study how their TBSs are formed and to discuss what physical processes are involved.
Measurements
The observational data used in this paper come from the North Sea Processes of Vertical Stratification in Shelf Seas (PROVESS) project (1998) (1999) (2000) (2001) . It includes a current mooring; wind data; a temperature chain; and temperature profiles from the Conductivity, Temperature and Depth (CTD) profiler (Fig. 1) . Previous works using this data include Knight et al. (2002) on near-inertial motions and Burchard and Rippeth (2009) on the bulk shear.
The mooring is a bottom-mounted acoustic Doppler current profiler (ADCP) deployed at 59°19.7′ N, 1°0.2′ E in a water depth of 110 m (Fig. 1) , which is chosen to be away from coasts and the Norwegian trench in order to minimize the influence by advection, horizontal gradients, and topography . The tide in this site is predominantly semidiurnal (M 2 ), with a maximum depth-averaged amplitude of 0.15 m/s . The water column is stratified most of the year, except in winter. The currents were recorded every 10 min from September to November 1998, with a bin size of 4 m between depths 14.5 and 98.5 m. The studied period is from year day 255.00 to 300.00 (that is from 00 o'clock on 13 September to 24 o'clock on 27 October).
The wind speed and direction were obtained on the Frigg oil platform (59°54.0′ N, 2°6.0′ E, 90 km away from the ADCP mooring) with an interval of 20 min. A meteorological buoy was deployed at the ADCP site, but unfortunately, the wind direction data are invalid. However, the comparison of wind speeds between the buoy and the platform shows good agreement.
Between year days 255 and 300, about 40 CTD profiles were taken within 2 km of the current mooring. These profiles are averaged by day number (Fig. 2) . During this period, the depth of the surface mixed layer deepens monotonically from A temperature chain was also deployed at 59°20.0′ N, 1°2 .0′ E, about 2 km away from the current mooring (Fig. 1) . It recorded every 5 min with an interval of 5 m between depths of 37.3∼87.3 m. The vertical gradient of temperature is computed and shown in Fig. 3a . This also indicates a similar deepening of thermocline with time.
3 Definition of the thermocline bulk shear Figure 3b shows the vertical current shear directly computed from the ADCP data. High values of shear occur near the surface, across the thermocline, and near the bottom. In close proximity above or below the thermocline, the current is relatively uniform. Thus, we define a bulk shear across the thermocline, i.e., the TBS, as the difference between mean currents above and below the thermocline being divided by the thermocline thickness. If we assume that the thermocline has a thickness of 2δ with the center at the depth of Z s , and that the velocity u (in a complex form) exhibits no significant shear in a band of height h above and below the thermocline, then the TBS is defined as
The averaging band h is set as 20 m, in order to exclude the influence of bottom and surface shears. The centered depth of thermocline (Z s ) can be adequately determined from ADCP data by locating the depth of maximum current shear near the thermocline region, since the position of high shear coincides well with that of thermocline (Fig. 3) .
The CTD profiles, which have much higher vertical resolution than the temperature chain, are used to estimate the thermocline thickness 2δ. As seen from 
Analysis of the TBS
The TBS is calculated by Eqs. (1) and (2). The ADCP currents are interpolated vertically from a vertical interval of 4 to 2 m when computing the bulk velocities above and below the thermocline. The magnitude of TBS is firstly analyzed in terms of its power spectrum (Fig. 4 ). There is a significant peak near the inertial frequency (1.72 cpd). A smaller peak also appears near the semidiurnal frequency (2 cpd). The current is filtered into three frequency bands and then used to compute the corresponding TBSs. The low-frequency band is (0, 0.7) cpd. The mid-frequency band is (0.7, 2.3) cpd, which includes diurnal, inertial, and semidiurnal frequencies. The high-frequency band is (2.3, 30) cpd. The ADCP measurement resolves the semidiurnal and inertial frequencies well with a spectral resolution of 0.018 cpd. A fast Fourier transform (FFT) is applied and followed by an inverse FFT over the desired frequency band. The filtered results agree well with those obtained by a Lanczos filter. From Fig. 5a , it is evident that the mid-frequency TBS (red) dominates the tendency of the total TBS (black). The low-frequency TBS (green) has a significant contribution during a few portions of the record. The high-frequency TBS (blue) contributes the least and thus will not be discussed further in this study.
As the mid-frequency TBS is the largest component, it is further decomposed. The currents are filtered for diurnal tidal currents, semidiurnal tidal currents, and near-inertial currents, which are then used to compute the corresponding TBS (Fig. 5b) . The near-inertial TBS dominates, especially after day 283 when it increases rapidly. Before day 283, the nearinertial TBS is only slightly greater than the semidiurnal TBS. The semidiurnal TBS is generally greater than the diurnal TBS, because the tides in this region are predominantly semidiurnal (Knight et al. 2002) .
Since shear is a complex variable, the phase of its components may be important in their complex superposition. If the magnitudes of near-inertial TBS and semidiurnal TBS are added without considering their phases, then the value clearly exceeds the amplitude of their complex superposition at many time periods (Fig. 5c ), such as on days 265, 270, 280, and 291-295. It is interesting that the amplitudes are overlapped at most peaks with a period of ∼5 days, which is approximately the beat frequency between the M 2 and inertial frequencies. This implies that when the near-inertial and the semidiurnal TBS are aligned, the maximal TBS is attained and possibly leads to an occurrence of instability and a localized thermocline mixing event.
Semidiurnal thermocline bulk shear
The semidiurnal TBS is enhanced after day 286. This is mainly attributed to the decrease of thermocline thickness from 20 to 10 m (see Eq. (1)). The semidiurnal tidal current displays a clear spring-neap cycle (Fig. 6) , which is, however, not apparent in the variability of the semidiurnal TBS. This indicates that the contribution to TBS from topographically generated internal tides (which would exhibit a spring-neap modulation) is minor at this site. It is noted that the peaks of semidiurnal TBS on days 262, 270, 289, and 295 coincide with those of near-inertial TBS (Fig. 5b) .
The vertical structure of semidiurnal currents is shown at four time periods associated with strong semidiurnal TBS (Fig. 7) . On day 262 (row a of Fig. 7) , the current below the thermocline is slightly greater than that above the thermocline. The semidiurnal TBS is primarily the result of the phase difference in the currents (∼30°) across the thermocline. On day 270 (row b), the currents at different depths exhibit little variation in magnitude. Again, the TBS is mainly induced by the phase difference (∼40°) across the thermocline. On day 290 (row c), the phase difference is reduced. The magnitudes of current above the thermocline are clearly larger than those below the thermocline. Thus, the semidiurnal TBS is mainly induced by the magnitude difference (∼5 cm/s) during this Fig. 5 The magnitude of the thermocline bulk shear (TBS) decomposed into different frequency bands: a total (black), low-frequency band (<0.7 cpd, green), mid-frequency band (0.7-2.3 cpd, red), and high-frequency band (2.3-30 cpd, blue). b The TBS in the mid-frequency band is further decomposed into those at diurnal frequency (blue), nearinertial frequency (black), and semidiurnal frequency (green). c The complex superposition (red) and the magnitude sum (blue) of near-inertial and semidiurnal TBS day. On day 295, the phase difference is almost absent. But, the current magnitudes below the thermocline are much greater (∼5 cm/s) than those above the thermocline, leading to significant semidiurnal TBS. These four different vertical structure patterns all result in elevated semidiurnal TBS.
In shelf and coastal seas, the thickness of boundary layer generated by the bottom friction for the clockwise and anticlockwise components of tides is different, leading to variation of tidal ellipses at different depths (Prandle 1982; Visser et al. 1994; Verspecht et al. 2010 ). In the shelf seas, the influence of bottom boundary layer could not cover the whole depth. The presence of stratification which reduces the viscosity across the thermocline could induce a slight phase shift (∼30°) of tidal currents (Maas and van Haren 1987; Howarth 1998; van Haren 2000) . This is probably the case in these data.
Near-inertial thermocline bulk shear
The near-inertial TBS also has a clear increase after day 286. The decreasing thermocline thickness (from 20 to 10 m) can at most double the TBS, which is insufficient to account for the total increase. By contrast with the semidiurnal TBS, the nearinertial TBS varies synchronously with the intensity of nearinertial currents (Fig. 8) . This is because the near-inertial current has a low-mode vertical structure. It has been reported frequently that in shelf seas, the near-inertial current in the mixed layer is in opposite phase with that below the mixed layer (e.g., Millot and Crépon 1981; Mirko 1987; Chen et al. 1996; MacKinnon and Gregg 2005) , thus generating a strong vertical shear across the thermocline.
To investigate vertical structure of the near-inertial TBS in more detail, two typical periods are selected (Fig. 9) . On day 290 (upper panels in Fig. 9 ), the near-inertial current is uniform in the upper layer. When it encounters the thermocline, the velocity turns clockwise with depth. The clockwise spiral continues below the thermocline, making the velocity below the thermocline exhibit a phase difference of slightly in excess of 180°relative to that in the upper layer. On day 295 (lower panels), the near-inertial current is also uniform in the upper layer. The clockwise rotation with depth mainly happens Fig. 6 The depth-averaged magnitudes of semidiurnal tidal currents (blue) and the magnitude of the semidiurnal thermocline bulk shear (TBS, green) Fig. 7 Four typical vertical structures of semidiurnal currents. The first and second columns are northward (u) and eastward (v) currents (cm/s), respectively, with a contour interval of 3 cm/s, in which pink lines represent boundaries of thermocline (>0.2°C/m). The third column shows velocity vectors (cm/s) at the time displayed by white lines in the first two columns. These velocities spanning a depth range of 14.5-78.5 m are plotted every 4 m in different colors, of which near-red colors denote the thermocline within the thermocline. Below the thermocline, the currents are almost 180°out of phase with those in the upper layer.
As the variabilities of near-inertial TBS and near-inertial currents are highly correlated, a classical wind-driven model for near-inertial current can be slightly modified to predict near-inertial TBS and examine the relation with winds. The near-inertial current is mainly wind driven and can be well predicted by a linear model (e.g., Pollard and Millard 1970; Kundu 1976; D'Asaro 1985; Knight et al. 2002) 
where the wind stress is assumed uniform in the mixed layer. H mix is the thickness of mixed layer, u is the velocity vector in the mixed layer, and τ is the wind stress. f denotes the inertial frequency and ρ is the seawater density. The damping constant r parameterizes dissipative processes and momentum flux out of the mixed layer as a linear friction term.
Assuming that the near-inertial current has opposite values above and below the thermocline, the near-inertial TBS can be simply obtained as
where 2δ is the thickness of thermocline, the same as in Eq. (2). Substituting Eq. (4) into Eq. (3) yields
This model is applied to our data set to see how well it works. The wind speed is observed from the Frigg oil platform and then converted to wind stress following Large and Pond (1981) . The damping constant r is set with a typical value of 2.5 × 10 −6 1/s, which approximately corresponds to the value for linearized tidal friction and represents a decay time period of 4.6 days (Knight et al. 2002) . The mixed layer thickness, H mix = Z s − δ, is time dependent and estimated from the observations. The simulated TBS in is filtered to exclude the lowfrequency component and plotted alongside the observed value (Fig. 10) . The model performs generally well, especially on days 280-300 when the wind intensity is much increased. The Fig. 8 The depth average of near-inertial current magnitudes (blue) and the magnitude of the near-inertial thermocline bulk shear (TBS, green) Fig. 9 Two typical vertical structures of near-inertial currents. The first and second columns are northward (u) and eastward (v) currents (cm/s), respectively. The third column shows velocity vectors (cm/s) at the time displayed by white lines in the first two columns. All line settings are the same as those in Fig. 7 simulation is not good enough on days 260-275 when the wind is, however, weak and generates a weak near-inertial TBS response. As the model is wind driven and based on the shear structure of near-inertial current, its generally good performance demonstrates that the near-inertial TBS is mainly formed by the wind-driven near-inertial current.
Low-frequency thermocline bulk shear
The low-frequency TBS is greatest on days 272-283 (Fig. 5a) . The amplifying effect induced by a decreasing of the thermocline thickness after day 286 (as seen in the semidiurnal and near-inertial TBS) is not evident. On days 286-300 when the wind is most intense, most peaks of low-frequency TBS coincide with peaks of the wind-driven Ekman transport (Fig. 11) . This relation does not hold on days 265-270 and 273-280 when the wind is relatively weak, and the lowfrequency TBS is thus attributed to other forms of nonwind-driven low-frequency currents. Figure 12 shows four typical vertical profiles of lowfrequency currents. At day 257.25 ( Fig. 12a) , the velocity vectors rotate clockwise with depth and also decay gradually with depth. Below the thermocline, velocities change little in either phase or magnitude. This pattern of vertical spiral also happens on days 259, 267, and 275 (not shown). At day 272.25 ( Fig. 12c) , the clockwise spiral with depth is apparent in the mixed layer and extends across the thermocline. The velocities below the thermocline are in excess of 180°out of phase with the surface velocities. This structure occurs slightly more often than the structure of day 257.25. At day 264.87 ( Fig. 12b ), little rotation with depth is evident. The velocities below the thermocline are much smaller than those in the upper layer. This structure is commonly observed before day 288 when the thermocline is relatively thicker. At day 297.75 ( Fig. 12d) , both the clockwise phase rotation and the magnitude decay are small with increasing depth within the upper and lower layers. However, the transition in phase and magnitude across the thermocline is stark, with the velocity below the thermocline being as much as half of that above. This structure is usually present after day 288 when the thermocline becomes quite thin (10 m).
The clockwise spiraling with depth is due to the Ekmanlike nature of the momentum balance between viscous stresses and acceleration. An idealized Ekman spiral would only appear in a steady state, when the wind stress is not varying or is varying sufficiently slowly. Indeed, in our observations, irregular velocity spiral is more often observed than the regular clockwise spiral. This is likely to be due to the unsteady nature of the wind forcing.
The relation with the Richardson number
The inverse gradient Richardson number, Ri −1 (the square of the velocity shear being divided by the square of the Brunt-Väisälä frequency), can be estimated using CTD profile and ADCP current data if we assume that the density profile keeps unchanged within 1 day (Fig. 13) . In shelf seas, the thermocline is in a state of marginal stability (Ri ≈ 1) (e.g., van Haren et al. 1999; MacKinnon and Gregg 2005; Rippeth et al. 2005; Burchard and Rippeth 2009) , which means that the shear instability could be induced by the addition of extra shear (Thorpe and Liu 2009 
Discussion on the definition
The bulk shear (BS) is conventionally defined as the difference between mean flows in the upper and lower layers being divided by the distance (∼50 m in our case) between centers of these two layers (Burchard and Rippeth 2009) . By contrast, the TBS focuses on the currents in close proximity to the thermocline, thereby excluding the influence of surface and bottom boundaries, where the shear contributes little to instability across the thermocline. Furthermore, the TBS is divided by thickness of the thermocline (∼10-20 m in our case); therefore, the BS is much smaller than the TBS (around 1:5 on average), as seen in Fig. 14 . Compared with the maximum shear (MS) across thermocline (which is directly computed from the ADCP measurements and is highly correlated with the shear instability across the thermocline), the TBS varies quite consistently with the MS, although the TBS is always smaller due to the averaging effect.
Conclusion
In this paper, a modified definition of the TBS is presented in order to better reflect the shear across the thermocline. Compared to the conventional bulk shear, this definition excludes the shear of near-surface and bottom boundaries. And, it has a much more comparable value with the MS across the thermocline than the conventional bulk shear (∼0.2 of TBS as in Fig. 14) . With limited CTD profiles, a simple algorithm is developed to compute the TBS, which could accommodate varying thermocline. Historic observations in the northern North Sea are used to calculate the TBS, which is then decomposed into components at several frequency bands. The near-inertial TBS is the greatest component. Its dominance is significant during the period with relatively high Fig. 12 Four typical profiles of low-frequency currents (cm/s). These velocities spanning a depth range of 14.5-78.5 m are plotted every 4 m in different colors, of which near-red colors denote the thermocline Fig. 13 The inverse gradient Richardson number (a, c) and the thermocline bulk shear (TBS) (b, d) on 2 days. Pink lines represent estimated position of the thermocline; thick black contour lines denote the value of 4. The TBS is the value at a frequency band of (0, 2.3) cpd winds. The near-inertial TBS varies consistently with the intensity of near-inertial current. The typical structures of nearinertial current during two periods are examined. They both show a large phase shift of ∼180°across the thermocline as previously reported (e.g., Millot and Crépon 1981; Mirko 1987; MacKinnon and Gregg 2005) . It is this phase shift that results in a great value of near-inertial TBS. A linear winddriven model is presented and simulates the variability of near-inertial TBS generally well, especially during the period of relatively strong wind.
The semidiurnal TBS makes a secondary contribution, whereas the diurnal TBS is much smaller. The semidiurnal TBS is only slightly smaller than the near-inertial TBS when the wind is relatively weak, during which the phase coherence between the semidiurnal and near-inertial TBS is not negligible. The variation of semidiurnal TBS shows little connection with the spring-neap cycle of semidiurnal tidal currents, suggesting a minor contribution to the TBS from the topographygenerated internal tides. Four typical vertical structures of semidiurnal tidal currents are investigated. A strong semidiurnal TBS is formed by a relatively small phase shift (∼30-40°) or by a modest magnitude difference (∼5 cm/s) across the thermocline, which are probably due to the reduction of viscosity across the thermocline.
The low-frequency TBS (<0.7 cpd) occasionally makes a significant contribution. During the periods of high wind, it coincides well with the wind-driven Ekman transport. However, several peaks occur at times with low wind. The clockwise Ekman spiral, with increasing depth, is often observed in the low-frequency current, which could induce a great low-frequency TBS. A significant magnitude difference of currents between upper and lower layers that is frequently observed also plays an important role in forming the lowfrequency TBS.
The vertical shear structure of Ekman spirals is sensitive to the value of vertical viscosity, of which the reduction across the thermocline is also important in forming the shear of barotropic tides. If the parameterization of mixing is not correct, the error will lead to failure of simulating these shears. Then, the derived parameters of mixing from these shears will be poor, thus resulting in a negative feedback. Fig. 14 The comparison between the thermocline bulk shear (TBS, red), the maximum shear across the thermocline (MS, black), and the conventional bulk shear (BS, green). MS is the maximum value among the shears across the thermocline directly computed from the ADCP measurements
